Ultrasonic-assisted synthesis of graphene oxide – fungal hyphae: An efficient and reclaimable adsorbent for chromium(VI) removal from aqueous solution by Samuel, Melvin S. et al.
Accepted Manuscript
Ultrasonic-assisted synthesis of Graphene oxide – fungal hyphae: An efficient
and reclaimable adsorbent for Chromium(VI) removal from aqueous solution
S. Melvin Samuel, Vasudevan Subramaniyan, Jayanta Bhattacharya,




To appear in: Ultrasonics Sonochemistry
Received Date: 29 April 2018
Revised Date: 29 May 2018
Accepted Date: 14 June 2018
Please cite this article as: S. Melvin Samuel, V. Subramaniyan, J. Bhattacharya, R. Chidambaram, T. Qureshi, N.D.
Pradeep Singh, Ultrasonic-assisted synthesis of Graphene oxide – fungal hyphae: An efficient and reclaimable
adsorbent for Chromium(VI) removal from aqueous solution, Ultrasonics Sonochemistry (2018), doi: https://
doi.org/10.1016/j.ultsonch.2018.06.012
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process




Ultrasonic-assisted synthesis of Graphene oxide – fungal hyphae: An efficient and 


















School of Environmental Science and Engineering, Indian Institute of Technology, 
Kharagpur, West Bengal - 721302, India.  
*b 
Department of Chemistry, Indian Institute of Technology, Kharagpur, West Bengal - 
721302, India. Email: ndpradeep@chem.iitkgp.ernet.in 
c 
School of Bioscience and Technology, VIT University, Vellore -  632014, Tamil Nadu, 
India 
d
 Department of Civil Engineering, The University of Toronto, Toronto M5S 1A4, 
Ontario, Canada. 
Abstract 
In this study, a hybrid film bio-nanocomposite material was developed based on the graphene 
oxide/fungal hyphae (GO-FH) interaction. The developed GO-FH bio-nanocomposite 
material was used for the removal of hexavalent chromium from aqueous solution. The GO-
FH bio-nanocomposite material was prepared by ultrasonic irradiation technique. The 
synthesized GO-FH bio-nanocomposite material was characterized by XRD, FT-IR, SEM, 
TEM and TGA. The adsorption experiments were carried out in batch mode to optimize 
parameters such as pH, adsorbent dosage, initial Cr(VI) ion concentration, contact time and 
shaking speed. The results indicated that the adsorption of Cr(VI) onto GO-FH bio-
nanocomposite material was pH dependant, with the maximum adsorption capacity of 212.76 
mg/g occurred at pH 2.0. The adsorption studies followed, Langmuir isotherm and pseudo 
second order kinetic model. Findings demonstrates that GO-FH bio-nanocomposite material 
exhibited excellent regeneration performance. 
Keywords: Graphene oxide/funal hyphae (GO-FH), bio-nanocomposite, Ultrasonic, 
Chromium(VI), Isotherm, Kinetics 
1. Introduction 
The rapid evolution in industries have headed towards increased pollution, which is a major 
concern at present. Among the exiting heavy metals, chromium is a major toxic compound 
for the environment. Chromium enters in to water and soil through the discharge of waste 




and textile manufacturing [1]. These are the prime reason for the increase of chromium in the 
environment. Among the existing forms of chromium, Cr(VI) is more predominant and 
causes higher level of toxicity towards humans such as skin disease, ulcer, kidney and liver 
damages [2]. In current scenario, one of the most important economical task is to remove 
chromium concentration in the industrial wastewater under the tolerable limit <1 mg/L [3]. 
Presently used conventional methods includes chemical precipitation [4], liquid-liquid 
extraction [5], ion-exchange and dialysis [6]. However, these methods are extremely 
expensive, ineffective at lower concentrations, requires expensive organic solvents, chemical 
reagents and also leads to environmental problems interms of waste disposal [7–11].  
The necessity to find cost effective and non-polluting approaches has directed towards the 
development of separation techniques. The naturally available materials such as tea leaves, 
peat, soils and clays provide greater adsorption but their main drawback arises in terms of 
regeneration capacity [12–14]. Some of the synthesized materials like zeolite, polymer coated 
materials, ionic hybrids and resin coated materials requires high fabrication cost. 
Nevertheless, these materials provide very good sorption capacity, greater selectivity and are 
easy to regenerate. A number of studies have been testified on metal binding capacity of 
several strains of bacteria, algae, fungi and sea weed [15–17]. Amongst the existing 
microbes, fungi contains higher amount of cell wall material which can be used for metal 
binding capacity [18–20]. The fungi cell wall is made up of chitin, amino carboxyl, hydroxyl, 
phosphoryl and imidazole groups [16,21–23]. Few studies reported on the mechanism of 
interaction between fungal biomass and Cr(VI) ions [16]. The dead fungal biomass binding 
with graphene oxide (GO) could be a source of material for Cr(VI) adsorption process. GO is 
a carbon material with greater specific surface area and extensive mechanical properties. GO 
contains functional groups such as hydroxyl, epoxy and carboxyl groups [24]. When it comes 
to adsorption technique, the oxygen containing functional group in the GO binds with the 
heavy metal ions through metal ions complexes [25]. Ultrasonic is currently used in diverse 
fields of nanochemistry and nanotechnology [26]. The ultrasonic irradiation technique offers 
facile and it’s an essential tool for developing nanostructured materials, which cannot be 
synthesized by existing conventional techniques [27,28]. The main advantage of this 
technique, is that it offers unusual reaction conditions such as high pressure and temperature 
in a short reaction time [29,30]. Ultrasonic irradiation in liquid medium induces pressure 





In this study, a novel biomaterial using graphene oxide/fungal hyphae (GO-FH) bio-
nanocomposite material was effectively synthesized and characterized by Fourier transform 
infrared spectroscopy (FT-IR), X-ray diffraction (XRD), scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), thermalgravimetric analysis (TGA) and its 
Cr(VI) adsorption performances, involving the adsorption kinetics and isotherms were 
studied. 
2. Materials and methods 
2.1.  Chemicals used 
The natural graphite powder (purity, 99.0 %), sodium nitrate (NaNO3), potassium dichromate 
(K2Cr2O7) potassium permanganate (KMnO4), sulfuric acid (H2SO4) and 1,5-
diphenylcarbazide (1,5-DPC) were reagent grade (Sigma–Aldrich). The acids and bases, 
hydrochloric acid (HCl) and sodium hydroxide (NaOH) were reagent grade.  
2.2. Synthesis of GO-fungal hyphae loaded hybrid film 
In this study, the detailed procedures of graphene oxide (GO) synthesis and preparation of 
fungal hyphae are given in supporting information S1 Experimental section. To synthesize 
GO-FH bio-nanocomposite, 7.0 g of GO was dissolved in 40 mL of distilled water. Then, 1.0 
g of dried MSR3 fungal biomass was added into the GO dispersed solution. The solution was 
stirred for 12 h at 27°C and then it was sonicated for 3h, with an input power 100 W and 
frequency 40 KHz (UR Biocoction Ultrasconic Co., Kolkata). An extended incubation time 3 
h was chosen for the study. To remove the solvent, the resultant mixture solutions were 
poured into petri dishes and was placed in hot air oven at 60°C for 2 days. Finally, the 
material (GO-FH bio-nanocomposite) was collected and allowed to cool naturally at room 
temperature.  
2.3. Adsorbent characterization 
Crystallographic patterns of graphite, GO, GO-FH bio-nanocomposite materials were 
assessed by XRD (Type: PW3040/60; S/N: DY3823) with a Cu tube anode, PANalytical 
(Made in Netherlands). FTIR spectrometer (Thermo Nicolet-870 spectrophotometer) was 




To investigate the 
morphology and size of the materials, SEM (Zeiss Auriga instrument) and TEM (Model: FEI-
TECHNAI-G2 20 TWIN) was used. Thermal stability was measured with a TGA (Perkin 
Elmer Inc., Massachusetts, USA) at a heating rate of 10 °C min
-1
 from 0 to 800°C.  




The Cr(VI) removal over GO-FH bio-nanocomposite material were studied in batch 
experiments. To attain the optimum conditions for removal of Cr(VI), the effect of pH (1.0 -
9.0), contact time (0-600 min), shaking speed (60-120 rpm), adsorbent dosage (0.125 – 1.0 
g/L) were studied. The adsorption experiments were performed in 20 mL flask containing 10 
mL of Cr(VI)
 
solution at various concentrations (10 – 125 mg/L) was equipped by suitable 
dilutions of the stock solution. The pH of the stock solution was adjusted to pH 2.0 and 0.5 
g/L of GO-FH bio-nanocomposite material was added. After the equilibrium time, the 
adsorbents were filtered and the residual Cr(VI) concentrations were assessed by 1,5-
diphenylcarbazide method in a UV visible spectrophotometer at λmax = 540 nm. The 


















f       (2) 
Where Co and Cf are the initial and equilibrium concentration of Cr(VI)
 
respectively. V (L) is 
the volume of the solution, m(g) is the weight of the adsorbent and qe (mg/g) is the adsorption 
capacity of the adsorbent. In order to describe the adsorption process, pseudo-first order and 
pseudo-second order models were employed. To determine the adsorption equilibrium 
Langmuir and Freundlich isotherm models were applied in our study. The Langmuir 















       (4) 
Where, qe is the metal concentration adsorbed, Ceq is the remaining metal residual in solution, 
qmax is the maximum uptake with respect to adsorption sites saturation and b is the ratio of the 
adsorption/desorption rate. 
The Langmuir isotherm can be described by a dimensionless equilibrium parameter RL and 
determined by Eq. (5). Where RL is known as separation factor and it is used for the 
applicability of adsorption process. If RL<1, implies the favourable adsorption; RL = 0 
implies the adsorption process is irreversible; RL>1 implies the adsorption process is 











1        (5) 
The Freundlich adsorption isotherm is expressed in Eq. (6) and its linearized form is given in 
Eq. (7), here K and n are constants. Where Ceq is related to adsorption capacity and n is given 









loglog         (7) 
Kinetic models are used for determining the adsorption mechanism in batch studies. The rate 
of Cr(VI) removal by GO-FH bio-nanocomposite material was studied using three different 
kinetic models viz., pseudo-first order and pseudo-second order. The above mentioned kinetic 











        (9) 
Where, qe is the amount of adsorbate (mg) adsorbed per unit mass (g) of adsorbent at 
equilibrium, qt is the amount of adsorbate (mg) adsorbed per unit mass (g) of adsorbent at 
time t, K1 is the rate constant (1/min) for pseudo first order reaction and K2 is the rate 
constant (g/mg/min) for pseudo second order reaction, 
3. Results and Discussion 
3.1. Adsorbent characterization 
3.1.1. Powder X-ray diffraction (PXRD) and Fourier transform infrared spectroscopy (FTIR) 
The PXRD spectra of graphite, graphene oxide and GO-FH bio-nanocomposite material were 
shown in Fig S1a†. The distinctive peaks of graphite, GO appeared at 2Ɵ = 26.4º and 9.56º, 
respectively. A distinguished peak at 2Ɵ = 9.56º indicated the successful conversion from 
graphite to GO [32]. Whereas, GO-FH bio-nanocomposite material exhibited a small peak at 
9.56º, signifying the existence of GO. The FT-IR analysis was done for GO, fungus and GO-







 and 1058 cm
-1 
corresponds to the stretching vibrations of OH, 




 and 1058 cm
-1 




respectively. The FT-IR spectra of fungal hyphae showed the distinctive peaks at 3439 cm
-1 






should be due to 
the vibrations of the amide of protein and chitin. The peak at 1094 cm
-1 
is due to 
polysaccharides. Compared to the FT-IR spectra of the two parental material, the intense 
peak of oxygen containing group in the GO-FH bio-nanocomposite material decreased 
significantly is shown in Fig. S1b†. It has to be noted that only a slight intensity differences 
observed in the GO-FH bio-nanocomposite material and fungal hyphae. The peak observed at 
1262 cm
-1 
in the GO-FH bio-nanocomposite material is cause by the fungal hyphae, which is 
due to the cross linking interaction between fungal hyphae and GO.  
3.1.2. SEM and TEM analysis 
The surface structure of the materials was analysed by SEM. The SEM image of fungal 
hyphae, graphene oxide and GO-FH bio-nanocomposite material are shown in Fig. 1. The 
fungal hyphae composed of fibre like materials, with regular smooth colonies are shown in 
Fig. 1 (a and b). The GO image shown a porous, homogeneous and consistent structure is 
shown in Fig. 1c. While, the morphology of GO-FH bio-nanocomposite material becomes 
rougher, non-homogeneous and rough surface denotes the mounting of fungal hyphae onto 
GO planes are shown in Fig. 1d. Similarly, TEM image of GO and GO-FH bio-
nanocomposite material are shown in Fig. 2. The TEM image of GO exhibits a clear and 
linear distribution (Fig. 2a). The TEM image of GO-FH bio-nanocomposite material exhibits 
an irregular, rough surface and non-homogenous nature. This confirms the mounting of 
fungal hyphae upon GO layer (Fig. 2b).  
3.1.3. Thermogravimetric analysis  
The TGA analysis was done for the prepared GO and GO-FH bio-nanocomposite material 
and the weight loss curves are presented in Fig. S2†. The GO showed a significant drop in 
weight at two places at around 80 ºC and 200 ºC. The first weight loss is due to the 
elimination of adsorbed water molecules on GO sheets. The second weight loss, occurs at 200 
ºC, which is due to the removal of oxygenated functional groups of GO (i.e. C=O, C-O-C and 
–OH). Whereas, the GO-FH bio-nanocomposite material showed a weight loss at four places. 
The first weight loss appears around 90 - 100 ºC corresponds to loss of water. The second one 
emerges around 305 ºC must be due to the decomposition of chitin molecule [33]. The third 
weight loss occurs in the range of 530 ºC must be due to deacetylation of polymer chain and 




annihilation of pyranose ring and decay of the remaining carbon [33]. In comparison GO 
showed higher weight loss than the GO-FH bio-nanocomposite material. Hence, GO-FH bio-
nanocomposite material showed better stability than the GO material. 
3.2. Effect of various parameters 
The influence of pH on Cr(VI) removal
 
by GO-FH bio-nanocomposite material was 
evaluated. For this study, a varied range of pH (1.0 - 9.0) was chosen and it was found that 
the Cr(VI) adsorption
 
increases significantly with decrease in pH (<4.0) and the adsorption 
capacity of Cr(VI)
 
decreases with increase in pH above 4.0. The maximum adsorption 
capacity was achieved at pH 2.0. The pHzpc of the GO-FH bio-nanocomposite material was 
found to be 8.0 is shown in Fig. S3†. The effect of adsorbent dosage on Cr(VI) removal by 
GO-FH bio-nanocomposite material was examined. The removal rate of Cr(VI) onto GO-FH 
bio-nanocomposite material increased gradually with the increase of adsorbent dose from 
0.125 – 1.0 g/L. Whereas, the adsorbent capacity of Cr(VI) on GO-FH bio-nanocomposite 
material decreased from 212.76 mg/g to 81.3 mg/g as the adsorbent dosage increasing from 
0.125 g/L to 1.0 g/L (Table. 1). The effect of contact time on the removal of Cr(VI)
 
by GO-
FH bio-nanocomposite material was investigated at three different Cr(VI)
 
concentrations (25, 
50 and 100 mg/L). Time chosen for this study was 0-600 min with the dose of 0.5 g/L at 
temperature 27ºC and agitation speed of 120 rpm. At lower concentrations (50 mg/L) the 
maximum Cr(VI)
 
adsorption occurred within 540 min, showing 97 % removal (Fig. S4†). 
The amount of Cr(VI)
 
adsorbed onto GO-FH bio-nanocomposite material increases with the 
increase in contact time, this is mainly due to the availability large number available spots for 
adsorption. After the 540 min the adsorption capacity of GO-FH bio-nanocomposite material 
reaches equilibrium state. The effect of agitation speed on the removal of Cr(VI) by GO-FH 
bio-nanocomposite material was studied by shaking the 50 mg/L of Cr(VI) sample (10 mL) at 
different agitation speeds viz., 60, 80, 100 and 120 rpm. The other parameters such as pH 
(2.0), incubation time (540 min) and adsorbent dosage (0.5 g/L) were kept constant. The 
results have shown that an increase in shaking speed from 60 – 140 rpm, the removal of 
Cr(VI) also increases as shown in Fig. S5†. From the above result, 120 rpm was selected as 
the optimal shaking speed for further experiments. 
3.3. Kinetic and Adsorption isotherm studies 
The kinetics studies were performed in varying Cr(VI) concentrations (25, 50 and 100 mg/L) 
using GO-FH bio-nanocomposite material and the results are shown in Fig. 3. Three kinetic 




diffusion model were used (Fig. 3). The calculated results are given in Table 2. The R
2
 value 
of the pseudo second order model was found to be better than those of the other two models 
(Table 2). The calculated qe values of the pseudo second order model is in accordance with 
the experimental qe values. The Cr(VI) uptake process follows the pseudo second order 
kinetic reaction. Similarly, we have also calculated the intra-particle diffusion, which 
indicates low R
2
 value and non-linear plot, similarly reported in other studies. The adsorption 
isotherm of Cr(VI) were examined at different adsorbent dosage levels (0.125-1.0 g/L) using 
Langmuir and Freundlich isotherm models (Fig. 4). The Langmuir model depicts monolayer 
surface adsorption. Whereas, the Freundlich model assumes the heterogeneous mode of 
adsorption without saturation of adsorbent binding sites. The experimental data are fitted to 
both Langmuir and Freundlich isotherm model. However, based on the correlation 
coefficients (R
2
) and fitting curves, the Langmuir isotherm model is a best fit and it indicates 
the surface of GO-FH bio-nanocomposite material is likely to be homogenous nature. The 
maximum adsorption capacity was 212.76 mg/g (Table 1), which is quite higher in 
comparison to some of the early reported adsorbents (Table 3). The prepared GO-FH bio-
nanocomposite material was compared with the other reported qmax values which are shown 
in the Table 3. It was found that, the GO-FH bio-nanocomposite material showed the 
Langmuir adsorption capacity of 212.76 mg/g, which is better than the other adsorbents. It is 
shown in the table that the pure chitosan showed only 22.09 mg/g [34], while the modified 
form of chitosan like cyclodextrin–chitosan modified GO (61.31 mg/g) [35], magnetic 
chitosan-GO nanoparticle (82.14 mg/g) [36] and CS-GO (104.16 mg/g) showed better 
adsorption. 
3.4. Adsorption regeneration and reuse 
The Cr(VI) desorption study was carried out with 1 mol L
-1
 NaOH, after desorbing the Cr(VI) 
from GO-FH bio-nanocomposite material. The same material was used again for the 
successive adsorption studies and the material adsorption capacity was checked. It was found 
that GO-FH bio-nanocomposite material was able to adsorb Cr(VI) from aqueous solution up 
to five cycle with very less decrease in adsorption capacity. It can be seen in the graph (Fig. 
10) that GO-FH bio-nanocomposite material after five cycles showed 80% removal 
efficiency. The removal rate decreased marginally from 97 % first cycle to 80% fifth cycles. 
The results validate that GO-FH bio-nanocomposite material can be economically effective in 





The GO-FH bio-nanocomposite material was synthesized and characterized by SEM, TEM, 
XRD, FT-IR and TGA. The XRD and FT-IR data showed the presence of GO, amino and 
carboxyl groups in the GO-FH bio-nanocomposite material. The surface morphology of the 
GO-FH bio-nanocomposite material were investigated by SEM and TEM. TGA data revealed 
the improvement in thermal stability of the GO-FH bio-nanocomposite material. The 
adsorption capacity of GO-FH bio-nanocomposite material was found to be dependent on the 
pH and initial Cr(VI) concentration of solution. Maximum percentage removal (97%) of 
Cr(VI) occurred at pH -2.0, concentration of 50 mg/L, contact time 540 min, which decreased 
to 80% after five cycle. The equilibrium and kinetic data revealed the suitability of Langmuir 
isotherm and pseudo second order for defining the adsorption process of GO-FH bio-
nanocomposite material. The experimental sorption data best fits to Langmuir isotherm 
model and maximum sorption capacity was found to be 212.76 mg/g.  This study validates 
that the GO-FH bio-nanocomposite material could be used as a low-cost and highly efficient 
adsorbing agent for the removal of heavy metals from contaminated aqueous solutions.  
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Fig. 1. SEM images of materials (a, b) Fungus, (c) GO, (d) GO-FH bio-nanocomposite 
material. 
Fig. 2. TEM images of materials (a) GO, (b) GO-FH bio-nanocomposite material. 
Fig. 3. Kinetic modelling of the adsorption of Cr(VI) on GO-FH bio-nanocomposite material, 
(a) pseudo first order kinetic plot, (b) pseudo second order kinetic; (c) intrapartice diffusion 
plot. 
Fig. 4. (a) Langmuir isotherm plot, (b) Freundlich isotherm plot for removal of Cr(VI) by 
GO-FH bio-nanocomposite material. 























 GO-FH bio-nanocomposite material was successfully synthesized and well 
characterized  
 97% adsorption of chromium(VI) was achieved at pH 2.0 
 Langmuir isotherm and pseudo second order rate kinetics describe batch sorption 
























Table 1: Isotherm model regression constants for different experimental conditions 
Isotherm models Parameters 0.125 g/L 0.25 g/L 0.5 g/L 1.0 g/L 
Langmuir qmax (mg/g) 212.76 142.85 103.09 81.3 
 KL (L/mg) 0.124 0.09 0.088 0.036 
 R
2
 0.9839 0.9914 0.9984 0.983 
Freundlich Kf (mg/g) 50.52 25.79 21.31 13.43 
 N 3.146 2.719 2.169 2.695 
 R
2
 0.8696 0.9685 0.9511 0.7694 
 
Table 2: Kinetics parameters for the adsorption of Cr(VI) by GO-FH bio-nanocomposite 
material based on different concentrations. 











































































Table 3: Adsorption comparison of CS-GO and reported studies on adsorbents for Cr(VI).  
S. No. Adsorbent material qmax  (mg/g) Reference 
1 
Ethylenediamine-modified cross-linked magnetic 
chitosan 
51.813 [37] 
2 Chitosan 22.09 [34] 
3 Graphene nanosheets 43 [38] 
4 Chitosan cross-linked with epichlorohydrin 52.3 [39] 
5 Magnetic chitosan nanoparticle 55.8 [40] 
6 MnFe2O4-chitosan 15.4 [41]  
7 PANI/H-TNB composites 156.94 [42] 
8 PVP/MoS2 142.24 [43] 
9 Magnetic porous carbonaceous (MPC) 21.23 [44] 
10 GO-FH bio-nanocomposite material 212.76 This study 
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